This chapter is the core of our work. In Section 4.1, the basics of inventory management and the newsvendor model, which is taken as the cornerstone of this work, are presented. In Section 4.2 we cover sourcing decisions and deal in detail with dual sourcing in the newsvendor context. Then, in Section 4.3, we present a transport-focused dual sourcing framework which is the general setting where the focal company, i.e. a retailer, has to make its decision(s). With the help of this framework the dual sourcing decision is related to transport activity and the carbon emissions produced. Section 4.4 covers the basic single-period dual sourcing model and its extensions concerning regulations on carbon emissions from transport. It demonstrates how the decision of a company is influenced by the different types of regulations. Furthermore, the impact on the economic and environmental performance of the company is analysed. Section 4.5 includes the numerical results with sensitivity analyses which help to gain further insights into the models. From the analytical models and the numerical analyses managerial implications as well as implications for policy-making are derived and summarized in Section 4.6.
products and the number of ordering decisions which can be taken during the planning horizon.
The focus of this work is on the single-period inventory model, which is also known as the newsvendor or the newsboy problem. One basic assumption of the newsvendor model is that a single ordering decision has to be made before the beginning of the selling season, i.e. before demand is known. Therefore, demand is assumed to be uncertain/stochastic. No additional orders are possible during the selling season due to restrictions, like long lead times and short selling seasons. After the selling period the product is of no or only little value or costs might arise for the disposal of the product. This model can be applied to products with a short life cycle or whose lead time is longer than the selling period (Khouja, 1999) . Typical products are apparel goods, sporting and fashion items and perishable products. The classical newsvendor model is based on a two-stage supply chain consisting of the supplier or producer and the retailer who sells the product to the final customer. The basic idea is that the retailer has to decide how much to order before demand is known. When demand is realized there are two possible outcomes; either demand is smaller than or equal to the order quantity or demand is larger than the order quantity. In the first case, items remain unsold in stock and there is leftover inventory; in the second case, a part of demand can not be satisfied from stock and the retailer incurs lost sales. In the basic model, it is assumed that the decision maker is risk-neutral and the objective is to maximize expected profit. For that, the decision maker has to balance the costs of overstocking, which arise when products remain unsold after the selling period, and the costs of understocking, which represent the opportunity costs of not fulfilling a customer request (Silver et al., 1998) .
In the model the following parameters are included: The random demand X is characterized by the distribution function F . The retailer sells the product at the selling price per unit p to the final customer and procures the product from the supplier for the product price per unit c. Leftover inventory at the end of the regular selling season has a salvage value per unit z. It is assumed that p > c > z. Table 4 .1 gives an overview of the notation for the classical newsvendor model.
Then the random profit P cl depends on the order quantity q and on the realized demand x (see, for instance, Khouja, 1999) :
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whereby E() represents the expected value and (x) + is max(x, 0).
In the classical newsvendor model the optimal order quantity q * cl is derived by maximizing the expected profit. The fixed costs of ordering are neglected in the basic model due to the fact that the order is carried out anyway. In extensions to the classical model, fixed ordering costs or set-up costs are considered. The concept of mismatch costs which are the costs which arise due to a misalignment between demand and supply is important in this model. The expected mismatch costs are the sum of the expected cost of understocking and expected cost of overstocking and arise due to the fact that demand in uncertain. The mismatch costs are the difference between the maximum profit, which is the profit under certainty, i.e. if expected demand is realized and is represented by (p − c) · E(X), and the expected profit under demand uncertainty. The mismatch costs therefore represent the loss in supply chain efficiency due to uncertain demand. By ordering the quantity which maxiHeidrun Rosic -9783653017878 Downloaded from PubFactory at 01/09/2019 04:21:58AM via free access mizes the expected profit, simultaneously, the expected mismatch costs are minimized (Cachon and Terwiesch, 2009) . As shown in Khouja (1999) P cl (q) is a concave function and the optimality condition, also known as critical fractile or critical ratio, is given by the following expression (see, also, Silver et al., 1998 , Cachon and Terwiesch, 2009 , Chopra and Meindl, 2010 :
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The critical fractile corresponds to the cycle service level, which is defined as the probability that the demand during the selling period is smaller than or equal to the order quantity. In other words, the cycle service level is the probability that all customer orders can be fulfilled within a selling season. The cycle service level is a non-financial economic performance indicator which measures the product availability within a supply chain (Chopra and Meindl, 2010) .
By taking the inverse of the demand distribution function (F −1 ) the optimal order quantity can be determined:
Overall, the newsvendor model is one of the basic models of inventory management which helps to understand fundamental trade-offs in inventory decisions and it is, therefore, taken as the cornerstone of this work.
In most applications of the newsvendor model it is assumed that demand can be described by a known probability distribution. But some works also try to solve the newsvendor model without relying on a specific demand distribution (Scarf, 1958) . A review about the distribution-free newsboy problem is presented by Gallego and Moon (1993) . Distribution-free means that the goal is to maximize expected profit against the worst possible distribution and thereby a lower bound for the expected profit is derived. Moon and Gallego (1994) also give a review about distribution-free procedures for multi-period models.
An overview of several extensions of the classical newsvendor model is presented by Khouja (1999) . Some works deal with the consideration of different objectives, such as maximizing the probability of achieving a target profit or the use of utility functions (Lau, 1980 , Sankarasubramanian and Kumaraswamy, 1983 , Lau and Lau, 1988 . Other works consider supplier pricing policies, like quantity discounts, and different retailer pricing policies, ranHeidrun Rosic -9783653017878 Downloaded from PubFactory at 01/09/2019 04:21:58AM via free access dom yield and different states of information about demand. The classical newsvendor model also severs as basis for multi-echelon systems. A recent work summarizing various extensions of the newsvendor model is provided by Qin et al. (2011) whereby they focus on extensions regarding integration of price-or marketing-dependent demand, stock-dependent demand, supplier discounting schemes and risk attitudes of the decision maker. Different risk attitudes of the decision maker can be considered considered, whereby risk-averse and/or risk-seeking behaviour is assumed instead of risk-neutrality (see, for instance, Lau, 1980 , Anvari, 1987 , Chung, 1990 , Eeckhoudt et al., 1995 , Chen et al., 2007 , Jammernegg and Kischka, 2007 , 2009 , Fichtinger, 2010 . Further extensions of the newsvendor model deal with the issue of multiple products and capacity, like Zhang and Du (2010) . In addition to that, several works consider a second ordering possibility in the newsvendor model, which can be considered as backup or emergency supply option. This helps to increase the product availability and to increase the expected profit by reducing the expected mismatch costs. Section 4.2.2 covers this field of research in detail.
Sourcing decisions
As already mentioned in Section 2.1 sourcing is one of the key drivers of the performance of a supply chain and present the link of a company to its suppliers (Chopra and Meindl, 2010) . The decision to outsource a process, i.e. letting a third party carry out an activity, or to perform it in-house is directly related to this issue. Sourcing allows a firm to obtain the appropriate inputs, either in the form of raw materials, components or final products, to be able to deliver the desired products to the market (Burke Jr., 2005) . Section 4.2.1 gives an overview of the basics of sourcing and the different sourcing strategies which can be used by companies. Section 4.2.2 deals with the dual sourcing concept and the application of the newsvendor model to support decision-making in this respect.
Overview of sourcing concepts
According to Burke Jr. (2005) a company's sourcing strategy consists of three interrelated decisions:
• Establish a supplier base, • Select suppliers from the supplier base which will receive an order and • Decide upon the quantity of goods to order from each supplier selected. In order to become part of the supplier base a supplier has to fulfil the company's requirements with respect to quality, quantity, delivery and price. Then, out of the supplier base one or a few suppliers are selected for a certain order. Finally, the company has to decide how much to order from the respective supplier(s). Sourcing strategies can be categorized according to the number of suppliers, the origin of the supplier(s), the duration of the supplier relationship and the type of interaction with the supplier(s). An overview of the different strategies is shown in Table 4 .2.
By pursuing a single sourcing strategy a long-term relationship and trust can be built between the company and its supplier. This helps to reduce administrative burdens, such as quality controls, and allows collaboration in other areas, such as product development. But by relying on a single supplier, dependency is created which is related to high risk; in case of delivery failure of the single supplier the company might need to stop production and can not deliver the desired products to the market. Furthermore, due to the nonexistence of competition the price of the single supplier might be high (Burke et al., 2007) . In order to avoid the disadvantages of single sourcing companies can pursue a multiple sourcing strategy. Multiple sourcing is especially advantageous for the procurement of standard components where a certain quality can be guaranteed by anonymous suppliers. Multiple sourcing aims at increasing competition between the suppliers and thereby achieving a low price on the market (van Mieghem, 2008) . Furthermore, multiple sourcing helps to reduce supply risk which is shown by, for instance, Berger et al. (2004) . Between these two extreme strategies -single sourcing from one well-known supplier and multiple sourcing from several anonymous suppliers on the market -dual or double sourcing can be a reasonable option. Dual sourcing in most cases means that two suppliers are used whereby one dominates the other in terms of share, price, reliability and other criteria (Yu et al., 2009) . Under a tailored dual sourcing strategy a certain amount of the demand, which can be called the base demand, is allocated to the cost-efficient supplier in advance of the Heidrun Rosic -9783653017878 Downloaded from PubFactory at 01/09/2019 04:21:58AM via free access selling period. The uncertain, volatile demand is then satisfied by a more flexible supplier, when needed, or even produced internally (van Mieghem, 2008) . In contrast to this, double sourcing denotes sourcing from two suppliers which provide similar service and deliver a comparable quantity of the product. Furthermore, a company can decide to source locally or globally. By procuring from a local supplier, a short lead time and flexible supply can be realized. A local supplier can also be denoted as onshore supplier. The term onshore can also be applied to in-house production whereby in this context onshore means that the production site delivers to the market where it is situated. In contrast to this, global sourcing means that components are procured from all over the world, usually in order to exploit low unit product costs. Furthermore, some raw materials might not be available in the respective market and therefore, there is no other option than to source globally. In this respect, the terms offshoring and outsourcing are very important. The term outsourcing has to be clearly distinguished from offshoring which is related to the movement of a production facility abroad without necessarily giving up ownership. In contrast to this, outsourcing refers to letting a third-party carry out an operation and is not related to the geographical location of the supply source. Consequently, offshore outsourcing means that the products are delivered from an external supplier located in a low-cost country to the market (van Mieghem, 2008) . By sourcing from an offshore source a longer transport lead time and/or higher transport costs are accepted for the sake of lower product costs per unit. In recent years, the shift to offshore suppliers or production has increasingly been questioned because it involves high risk and hidden costs (Warburton and Stratton, 2002) as well as a drastic increase of transport (Cadarso et al., 2010) . Furthermore, sourcing from low-cost countries might be related to material losses in transit which can be due to theft, quality problems or product decay (Sounderpandian et al., 2008) . Also Platts and Song (2010) show for several case studies in the context of sourcing from China that the total costs are often underestimated in practice and thus, alternative sourcing strategies might be more reasonable.
Focus on dual sourcing
Dual sourcing can be used in order to achieve cost efficiency and responsiveness at the same time. As already stated, dual sourcing means that two different supply sources are used. In general, the first supply source is the cost-efficient, inflexible supply source. The second supply source is the flexible supplier which can deliver on short notice. But for this flexibility a premium has to be paid. These two supply sources need not be two distinct entities; it can be the same supplier with two delivery options. But often the first supplier is located far away from the market and has a long lead time, i.e. offshore supplier, whereas the second supplier is located close to the market and can provide a short delivery lead time, i.e. onshore supplier (see, for instance, Warburton and Stratton, 2005, Allon and van Mieghem, 2010) .
One of the first works dealing with a concept which is related to dual sourcing is provided by Barankin (1961) . He presents an inventory model with an emergency supply option. In the general case, there is a one period lead time (time lag) until the order arrives, but in emergency cases immediate delivery is possible. An emergency situation arises when the initial stock is below a certain level, then immediate delivery of a fixed quantity is carried out. The emergency supply is related to additional costs. The total cost function includes holding and penalty costs as well as the costs for emergency supply. If the emergency supply costs are large compared to the penalty costs no emergency delivery is allowed at all. For the other case, when emergency supply is a reasonable option, the optimal emergency level together with the optimal order quantities, i.e. the regular order quantity and the emergency order quantity, are derived. Gallego and Moon (1993) and Khouja (1996) deal with the newsboy problem and the possibility to place a second order if the first order is not sufficient to satisfy demand. According to Gallego and Moon (1993) after placing the first order demand is observed and an additional order can be placed to fulfil any demand that is not satisfied by the first one. The second order is related to higher costs than the first one whereby they assume that the premium which has to be paid for the second order is smaller than the profit margin. If this is not the case, the second order should be zero. They solve this model with a distribution-free approach and thereby determine a lower bound on the expected profit. They conclude that when having a second order opportunity the size of the first order is smaller and the lower bound on the expected profit is larger than in the classical newsvendor model with a single order. Based on their work, Khouja (1996) presents an important review article about the newsvendor model with emergency supply. Two objective functions, namely maximizing the expected profit and maximizing the probability to achieve a target profit, are considered. In addition to that, it is assumed that a certain amount of demand which is not satisfied from the first order is lost because not all customers are willing to wait. In line with Gallego and Moon (1993) it is concluded that the first order quantity is reduced if a second order is possible and that dual sourcing can help to increase profitability. Also Eeckhoudt et al. (1995) consider the possibility of an emergency order during the selling season which can be received for additional cost.
Related to this, Lau and Lau (1998) present decision models for singleperiod products with two ordering opportunities. With their work they want to provide decision support for operations managers of newsvendor-type products on how much to order or produce initially, when to place the second order, if
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via free access at all, and for which quantity. The planning period is split into two time slots whereby the orders arrive at the beginning of each time slot and demand in each time slot is normally distributed with known parameters. They also conclude that by having a second order opportunity the first order quantity is reduced. In addition they point out that the second order opportunity becomes more valuable if demand variability increases and it is more valuable for products with a low profit margin. Also the concept of reactive capacity is related to dual sourcing. Reactive capacity in this respect means that in addition to make-to-stock production, which is similar to ordering before the selling season, additional make-to-order production is possible during the season to satisfy demand. The reactive capacity can be limited allowing only for a certain amount of additional production or unlimited which means that all demand can be fulfilled (Cachon and Terwiesch, 2009). Chung et al. (2008) present a multi-item newsvendor problem with unlimited, preseasonal production and reactive, capacitated production during the selling season. The reactive quantity is produced by internal capacity whereas the preseason order is outsourced to a supplier. Before the beginning of the selling season, for each item the order quantity which will be delivered by the external source is fixed and the reactive capacity is allocated to the different items. It is assumed that this allocation can not be altered during the season, even though the internal production during the season takes place under full knowledge of demand. With their model they provide decision support on how much to order preseasonally and how to allocate internal capacity; furthermore, the value of internal capacity and its contribution to a company's profit is evaluated. The classical multi-item newsvendor model and the expected profit function is extended by including the costs for the reactive production and a constraint for the internal capacity is defined. In contrast to the models with unlimited, reactive capacity, in this case lost sales can occur if the allocation of the internal capacity for a certain item is not sufficient. The bisection method is used to find the optimal solution to this problem. It is shown that the optimal order quantity derived by the classical newsvendor is an upper bound for the optimal preseasonal order quantity and a lower bound for the total order quantity, which is the sum of the preseasonal and the reactive quantity. As in the single-item case, increasing demand volatility increases the value of reactive capacity. If the demand volatility of a single item increases, then for that single item the amount allocated to reactive capacity increases, but for all the other items the preseasonal quantities increase and the reactive quantities decrease. This confirms the idea of Fisher (1997) about the alignment of product types and supply chain strategies; it is reasonable to shift the production for items with rather stable demand to the preseasonal stage and reserve reactive capacity for those items with higher demand variability.
Zhang and Du (2010) present a multi-product newsboy problem with limited capacity and outsourcing. In this case a certain amount of the products is produced internally whereas the company tries to satisfy any demand which can not be fulfilled from the internal supply by procuring goods from a thirdparty. Due to the multi-product assumption, in addition to balancing the cost of understocking with the additional cost of outsourcing, the in-house capacity has to be allocated to different products. The objective is to maximize expected profit by determining the optimal in-house and outsourcing quantities. The external supply source has no capacity limitation but there are two different outsourcing variants, one with zero lead time and one with non-zero lead time. With zero lead time outsourcing, all demand can be satisfied by the sum of in-house production and outsourcing and the outsourcing can be seen as emergency supply option or reactive, unlimited capacity, as described above. In the case of non-zero lead time outsourcing some demand might be lost or backordered. In this case, it has to be decided how much to produce internally and how much to outsource for each product before demand realization. In contrast to zero lead time outsourcing, where only the internal production has to be determined before demand is known, both decisions have to be made in one stage. They develop a solution algorithm for the non-zero lead time outsourcing and compare the results of the two variants. They conclude that the zero lead time outsourcing is preferable to the non-zero lead time variant, if the outsourcing costs are equal. But in general, the costs for "immediate" delivery will be higher so the choice for one or the other variant is not clear-cut.
The concept of quick response is also closely related to dual sourcing. The term quick response stems from the apparel industry and refers to the fact that the retailer has the ability to adjust his orders if better demand information becomes available (see, for instance, Fisher and Raman, 1996) . Quick response is also related to lead time reductions and thereby allowing retailers to order closer to the start of the selling season or even to order more than once for a selling season (Chopra and Meindl, 2010) . Also Iyer and Bergen (1997) analyse the value of quick response for manufacturers and retailers in the apparel industry and identify conditions under which quick response can lead to a win-win situation. Choi and Chow (2008) add to this field of research by showing how different strategies, such as buy-back contracts or service-level commitments, can help to achieve a win-win situation. Beside expected profit they also consider the risk involved, which is expressed by the variance of the profit.
The papers presented so far have shown that dual sourcing can help to increase expected profit, reduce costs and increase service level compared to single sourcing. But dual sourcing can also be a measure to mitigate supply chain (disruption) risks. Berger and Zeng (2006) The decision maker has to decide whether to place an order with an uncertain supplier and if yes, for which quantity. The unreliability relates to the fact that the quantity received is no more than and, in general, lower than the order quantity. They conclude that their model has the same structural properties as the newsvendor model with multiple and fully reliable suppliers and it helps to investigate the trade-off between cost and reliability. It turns out that cost and not reliability is the decisive factor for supplier selection which means that perfect reliability is no guarantee to be chosen as supplier.
In line with this, Yu et al. (2009) point out that dual sourcing can be an effective strategy to cope with unexpected supply break-downs. The company can rely on two suppliers with unlimited capacity. On the one hand, there is an offshore supplier, located outside the company's country which offers a low price and is the main supplier but may suffer from disruptions. On the other hand, the company can use a local supplier, which is more expensive but also more reliable. The offshore supplier breaks down completely with a certain probability in each supply cycle. They compare the expected profit functions of two single (pure offshore vs. pure local sourcing) with a dual sourcing strategy under supply disruptions and identify the factors which make the one or the other strategy preferable. The decisive factor is the disruption probability: If the disruption probability is smaller than a first threshold pure offshore sourcing should be chosen; if it is between the first and the second threshold dual sourcing is the best strategy with respect to expected profit; if it is greater than the second threshold pure local sourcing should be chosen. Hou et al. (2010) consider dual sourcing with a backup supplier under supply risk and investigate coordination with a buy-back contract. They consider two types of risk, namely disruption risk which results in a complete non-delivery and recurrent risk which is reflected in an uncertain delivery volume. Li et al. (2010) also deal with the coordination and cooperation of a retailer with two suppliers under risk based on the newsvendor framework. The two suppliers are subject to failures which lead to the non-delivery of the order quantities. In the case of failure, the retailer is able to procure the missing items from the spot market, but for a higher cost than from the known suppliers. In this model, the spot market can be seen as backup supplier. In addition, it is assumed that the costs of the suppliers increase depending on their reliability, which is expressed by the probability of failure. A centralized system, in which all the decisions are taken in order to maximize the performance of the whole supply chain, is compared to the decentralized solution with two suppliers which either set the wholesale price individually or collectively. By this, the trade-off between reliability of suppliers and their related costs as well as the value of centralized decision-making in supply chains is analysed.
The basic model for our work is taken from Warburton and Stratton (2005) who analyse dual sourcing with onshore and offshore sourcing based on the newsvendor model. The assumptions are to a great extent in line with Gallego and Moon (1993) and Khouja (1996) . They show in their work that dual sourcing is advantageous from an economic perspective, considering expected profit and the cycle service level. The first order is placed with the cheap, offshore supplier. The onshore supplier is then used to fulfil any demand which is not satisfied by the offshore supplier, thereby a cycle service level of 100% can be achieved. In addition to that, even though a premium has to be paid for the onshore supplier, this strategy increases the expected profit compared to a single offshore sourcing strategy. A dual sourcing strategy, in general, outperforms a single sourcing strategy; it is more valuable when the variability of demand is high and the premium which has to be paid is low. The same conclusions are drawn by Cachon and Terwiesch (2009) but in their work no specific assumptions about the geographical location of the two supply sources are made. They simply assume that there is a cheap, inflexible supply source and a flexible, more expensive supply source. But overall, they derive the same conclusions as Warburton and Stratton (2005) .
The topic of dual and multiple suppliers is also investigated with the help of multi-period inventory models. An overview of multiple-supplier inventory models is provided by Minner (2003) . Veeraraghavan and Scheller-Wolf (2008) present a simple policy for a periodically reviewed single-stage inventory system. Their work is extended by Yazlali and Erhun (2008) and Klosterhalfen et al. (2010) who analyse the value of two suppliers with complementary service in the multi-period case. Zhou and Chao (2010) analyse serial supply chains with regular and expedited shipping and derive upper and lower bounds for the optimal control parameters. Allon and van Mieghem (2010) develop a tailored base-surge policy for dual sourcing in the case of near-and offshore production. They show that it is reasonable to order the "base" demand at a constant rate from the offshore supplier in order to exploit the cost advantage of the offshore supplier and the "surge" demand which is the remaining volatile part is satisfied from the fast, nearshore source. They provide an upper bound for the quantity allocated to the offshore source which is always lower than the average demand. In general, the offshore order quantity decisively depends on the average demand. It is high when the cost advantage of the offshore source is high, holding cost and cost of capital are low and the difference in transportation time between the offshore and the nearshore source is rather small. However, a high demand uncertainty and a high supply uncertainty of the offshore source favours the use of the nearshore source. These results are in line with those derived from the single-period models.
Transport-focused dual sourcing framework
We develop a transport-focused dual sourcing framework with an offshore and an onshore supplier in order to point out the relation of dual sourcing and transport. In addition to that, the framework comprises the external conditions, i.e. environmental regulations for transport, which have an influence on the company's decision(s).
In the single-period dual sourcing model based on the newsvendor framework it is assumed that in addition to the order before the selling season a supplementary order during the selling season is possible. The company relies on a cheap but slow and inflexible supply source as well as on an expensive but fast and flexible supply source. According to Warburton and Stratton (2005), we assume that the first supply source is located in a low-cost country, like China, which is far away from the market and has a long lead time. This supply source is called the offshore supplier. The second supply source is located close to the market and is denoted as the onshore supplier. Furthermore, this source can react immediately to changes in demand and it is assumed to have unlimited capacity. The onshore supplier is used as backup supplier in order to fulfil any demand which can not be satisfied by the offshore supplier. The onshore supplier can also be a production facility owned by the company which carries out flexible make-to-order production. This is possible as, in general, the quantity ordered from the offshore supplier is larger than the quantity ordered from the onshore supplier in order to exploit the cost advantage. Furthermore, for reasonable assumptions of the cost and price parameters the offshore order quantity is generally smaller than the expected demand (Warburton and Stratton, 2005, Cachon and Terwiesch, 2009) .
Due to the fact that the first supplier is located in an offshore country a long transport distance must be overcome in order to bring the products to the market. This long transport distance results in high transport activity and high carbon emissions from transport. The transport from offshore locations, in general, is carried out by sea or by air whereby the latter is considered as being much more environmentally unfriendly. In contrast to this, it is assumed that there is (nearly) no transport needed to deliver the products from the onshore supplier to the market.
In order to illustrate the different environmental impact of transport from the two suppliers we exemplarily compare the CO 2 e emissions with the help of a carbon emission calculation tool for transport called EcoTransIT. The transport from Beijing (China) to Vienna (Austria) via ocean shipping as main transport mode is compared to the transport from Bratislava (Slovakia) to Vienna (Austria) by truck. The calculation is done for one ton of an average good as defined in the calculation tool. The transport from the offshore source results in CO 2 e emissions of 129 kg; the transport from the onshore source produces considerably lower emissions and results in only 5.8 kg CO 2 e. This clearly shows the negative environmental impact of offshore sourcing if only carbon emissions from transport are considered. The difference is even greater when air transport is used instead of ocean shipping. Then, the air transport from the offshore location would result in 5444 kg CO 2 e for one ton of the transported goods (EcoTransIT, 2010) .
The negative impact of offshoring and offshore sourcing on transport carbon emissions is also pointed out by Cadarso et al. (2010) . It is evident that offshore sourcing results in an increase of transport carbon emissions. But it has to be kept in mind that for some products the total carbon emissions, consisting of emissions from transport and manufacturing, might be lower if the offshore source can produce the products in a way which result in low manufacturing emissions and the difference outweighs the increase of transport carbon emissions. For instance, for fresh food produce (vegetables, fruits, etc.) which is purchased off-season in Europe it is more environmentally friendly to import it from offshore locations than to produce it locally. This is due to the fact that, off-season, these products can be grown without requiring much energy in the offshore location. So the lower (indirect) carbon emissions from the offshore production outweigh the increase of transport carbon emissions (Smith et al., 2005) . This picture, of course, looks different, for other products, such as consumer electronics, where climate conditions do not have an influence on the manufacturing process and the energy needed. For these products, it has to be kept in mind that energy production, in general, is much more environmentally unfriendly in typical offshore countries, such as China (IEA, 2009 ). Considering that, from an environmental point of view, the offshore source would lose its attractiveness due to high carbon emissions from transport and manufacturing.
In our framework, we do not explicitly consider the production processes of the offshore and onshore supplier and thereby assume that the same amount of emissions stems from the production processes. Even though this is a limiting assumption, it allows us to solely investigate the impact of the sourcing strategy on the transport carbon emissions within the supply chain. Table 4 .3 gives an overview of the transport-focused dual sourcing framework. External conditions, which are in our case environmental regulations for transport, impose restrictions on companies and therefore influence the policies they choose. Three possible environmental regulations are examined in more detail in our work. Firstly, a strict limit for transport carbon emissions is considered which is a constraint for the company's offshore ordering decision. Secondly, a linear transport emission tax is imposed on each unit ordered from the offshore supplier. And thirdly, it is assumed that an emission trading Offshore order quantity which determines transport carbon emissions scheme is valid for the transport sector. The company has to decide before the selling season how much to order from the offshore supplier and the offshore order quantity is directly related to the transport carbon emissions. Therefore, the offshore ordering decision is influenced by the environmental regulations; it determines if the emission limit is met, what amount of emission tax has to be paid or how many emission allowances are needed.
It is important to relate the emission limit, i.e. the number of allowances allocated to a certain company, and the emission taxes to product units to be able to model the different environmental regulations. Hoen et al. (2010) include the environmental aspect into the transport mode choice and they present in a very detailed way how to derive emission factors of different transport modes and how to allocate the emission factors of a vehicle to one product unit which is transported. By analogy with their idea we assume that the policy instruments are broken down to company level and related to one unit of the product.
As described in Section 2.4 and in accordance with Hoen et al. (2010) the transport carbon emissions mainly depend on the parameters transport mode and vehicle type used, distance travelled, load factor and type of product (volume and weight). The distance travelled and the transport mode are determined by the location of the offshore supplier. Assuming that the transport is carried out by a logistics service provider average values can be taken for the other parameters and an average transport carbon emission factor (CO 2 e tons per product unit) can be derived. With the help of this average transport carbon emission factor per product unit the environmental regulations can be integrated in the decision-making of the company.
The emission tax can be implemented in two different ways, either as a constant value "penalizing" offshore sourcing not considering the carbon emissions caused by the transport activity or depending on the (calculated or estimated) emissions produced by the transport activity. In the latter case, based on the average transport carbon emission factor (CO 2 e tons per product unit) the carbon emission tax for one product unit is derived by multiplying the carbon emission tax for one ton of CO 2 e with the average transport carbon emission factor. This average transport carbon emission factor is also necessary for operationalising an emission limit and an emission trading scheme. In general, emission allowances certify the right to emit one ton of CO 2 e. Therefore, in order to be able to directly relate order quantity and emission limit to each other the emission limit has to be translated into product units. For more details on how to derive a transport carbon emission factor for one product unit and how to relate policy instruments to a product unit the reader is referred to Hoen et al. (2010) .
Single-period dual sourcing model
In the following we present the basic dual sourcing model based on the newsvendor framework and extend it by including a strict emission limit, linear emission taxes and emission trading for the transport from the offshore supplier to the market. We compare the different models based on the economic performance measured by the expected profit. Furthermore, the environmental performance of the company is considered whereby the offshore order quantity serves as an indicator for transport carbon emissions. We also compare the results to a single offshore strategy, i.e. the classical newsvendor model with a single ordering possibility (see Section 4.1). The notation for the basic dual sourcing model and its extensions is summarized in Table 4 .4.
Basic dual sourcing model
In the basic single-period dual sourcing model with an offshore and an onshore supplier it is assumed that the offshore order quantity q has to be placed when demand is still random. Because of the long procurement lead time for delivering the products from the offshore supplier products from this source can be ordered only once during the selling season. But additional units of the product can be procured from the onshore supplier in the case not enough units of the product have been ordered from the offshore supplier. Note that the decision of how much to order from the offshore supplier has to be taken under demand uncertainty while the products from the onshore supplier are procured after demand has been realized which means that this decision is taken under certainty. The product is sold to the market for the selling price per unit p. On the procurement side, the purchase price per unit differs between the two sources. The purchase price per unit from the offshore supplier is the product price per unit c; the purchase price per unit from the onshore supplier is obtained by adding a domestic premium per unit d to the product price per inverse of demand distribution function q * optimal offshore order quantity with dual sourcing q on expected onshore order quantity P (q, x) random profit depending on offshore order quantity q and realized demand x P (q) expected profit depending on offshore order quantity q t emission tax per unit ordered from offshore b buying price of emission allowance for one product unit s selling price of emission allowance for one product unit L emission limit expressed in product units
expected profit including costs of buying emission allowances
expected profit including revenue of selling emission allowances
expected profit with emission trading q limit optimal offshore order quantity with emission limit L q t optimal offshore order quantity with emission tax t q
optimal offshore order quantity with emission trading E() expected value (x) + max (x, 0) unit c. This premium is mainly due to higher labour costs that have to be paid in the onshore production facility and also reflects the flexibility provided by the onshore supplier. Usually, the regular transport costs are negligible in relation to the total costs, so they are not considered. Any leftover inventory can be sold at the end of the season for a salvage value per unit z. We assume p > c > z and p > (c + d) > z. An overview of the different stages in the supply chain is given in Figure 4 .1.
Then the profit P depends on the offshore order quantity q and on the realized demand x: For x ≤ q only the offshore source is used to fulfil all demand and any leftover inventory can be salvaged for the value z. For x > q additional units are procured from the onshore source in order to fulfil all demand. The expected profit depending on the offshore order quantity q is given by:
whereby E() represents the expected value and (x) + is max(x, 0). So, the expected profit consists of the revenue generated by the selling of the products for p per unit during the season and for z per unit after the season less the cost for ordering from the offshore for c per unit and the onshore supplier for (c + d) per unit.
By maximizing the expected profit, the optimal offshore order quantity for the risk-neutral decision maker can be derived and is given by (see, for instance Warburton and Stratton, 2005, Cachon and Terwiesch, 2009) :
Again, the expression in the brackets is the well-known critical fractile or critical ratio which represents the probability that the realized demand is lower or equal than the order quantity, i.e. cycle service level. The offshore order quantity is either used to satisfy demand or results in leftover inventory which can then be sold for a salvage value. So, the cost of overstocking per unit is (c − z) which is the same as in the model with a single order opportunity. In contrast to the classical model where lost sales are possible and the contribution margin (p − c) is considered as the cost of understocking per unit, in the dual sourcing model the cost of understocking equals to the domestic premium d. Thanks to the onshore supplier who serves as backup all demand can be satisfied and therefore no contribution margin is lost. However, a premium has Heidrun Rosic -9783653017878 Downloaded from PubFactory at 01/09/2019 04:21:58AM via free access to be paid for that. As long as the domestic premium d is smaller than the contribution margin per unit (p−c) the onshore supplier is used to some extent. Of course, a higher domestic premium reduces the use of the onshore supplier, and vice versa. If d > (p − c) demand should exclusively be satisfied from the offshore supplier. Generally, the offshore order quantity is smaller than in the model with a single order opportunity (see, for instance, Gallego and Moon, 1993, Khouja, 1996) , which is in our case single offshore sourcing. Furthermore, for normally distributed demand the optimal offshore order quantity is smaller than the mean demand when the critical fractile is < 0.5. Taking (4.7) and assuming z = 0, this is the case when d < c. The onshore order quantity, then, is used to fulfil any demand that can not be satisfied by the offshore order quantity. The expected onshore order quantity q on equals to the expected lost sales in the newsvendor model, i.e. the expected number of units which exceeds the offshore order quantity. The expected onshore order quantity q on is given by:
It has to be kept in mind that the onshore supplier is only used, if demand is larger than the offshore order quantity, so no leftover inventory results from the onshore order quantity.
As already described in Section 4.2.2, the dual sourcing strategy outperforms a single offshore sourcing strategy with respect to expected profit. In various works it is shown that relying on two supply sources helps to reduce the expected mismatch costs which directly leads to an increase of expected profit. Furthermore, with the help of dual sourcing a higher service level can be achieved. It is intuitive that the offshore order quantity as well as the increase in profitability highly depends on the domestic premium and the demand uncertainty. A higher domestic premium leads to a higher offshore order quantity as the cost advantage outweighs the uncertainty under which the decision has to be taken, i.e. the total expected cost of overstocking. On the other hand, the higher the demand uncertainty the more a retailer is willing to rely on the onshore supplier thereby reducing the risk of overstocking (see, for instance, Warburton and Stratton, 2005, Cachon and Terwiesch, 2009) .
With respect to environmental performance, it can be seen by comparing (4.4) and (4.7) that the (offshore) order quantity with a single order possibility is larger than the offshore order quantity with a dual sourcing strategy, i.e. q * cl ≥ q * . As the order quantity is directly related to the transport carbon emissions it can be concluded that by using dual sourcing strategy instead of single offshore sourcing the transport carbon emissions can be reduced while Heidrun Rosic -9783653017878 Downloaded from PubFactory at 01/09/2019 04:21:58AM via free access improving the economic performance. The actual improvements of the economic and environmental performance of the company depends on the cost and price parameters as well as the demand distribution.
Dual sourcing with transport emission limit
In a first step the model is extended by including a fixed limit L for transport carbon emissions. This means that the company receives a certain number of emission allowances free of charge. The emission allowances are then used to cover the emissions produced by the transport for bringing the products from the offshore supplier to the market. The company is not allowed to exceed this limit and therefore the emission limit L represents a constraint on the company's decision. To include the limit in the decision of the company the emission limit has to be expressed in product units, i.e. an emission allowance is used to cover the carbon emissions produced by the transport of one unit from the offshore supplier. The idea of a strict emission limit for offshore sourcing can be related to imposing import quotas for products procured from offshore suppliers. By assuming this kind of regulation, the offshore order quantity is as follows:
If the optimal offshore order quantity q * is smaller than the emission limit L the expected profit P (q * ) can be generated. If the optimal order quantity q * is larger than the emission limit L only the profit P (L) is realized which is the profit resulting from ordering a quantity from the offshore supplier which corresponds exactly to the emission limit L. So, if the emission limit L is low the company can not order the profit-maximizing offshore order quantity which can strongly reduce the profitability of the company. However, the environmental performance of the company is improved. For instance, with an emission limit L = 0 all units are procured from the onshore source and the offshore source is not used at all. Due to the assumption that no transport carbon emissions are produced when ordering from the onshore supplier, the transport carbon emissions are even reduced to zero. With increasing emission limit L the offshore order quantity is increased until the optimal order quantity q * is reached. In that case, the company yields the maximal expected profit and has no incentive to alter its decision. Then, if L > q * , an amount of (q * −L) allowances remains unused. Due to a missing market for emission allowances no revenue can be generated from the selling of the excessive allowances.
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For policy-making, a strict limit on transport carbon emissions seems to be an effective measure as the transport carbon emissions can be strongly reduced. But it has to be kept in mind that the economic performance of the company is reduced drastically for small L. In addition to that, a measure which imposes tight restrictions on the decision-making of individual companies is very difficult to implement.
In order to be restrictive the emission limit L has to be lower than the expected demand because for reasonable assumptions of the cost and price parameters the offshore order quantity is smaller than the expected demand (Warburton and Stratton, 2005, Cachon and Terwiesch, 2009) . Furthermore, the offshore order quantity depends on the variability of demand and the cost advantage of the offshore source represented by the domestic premium d. So, in addition to detailed demand information, policy-makers would also need information about the further parameters which companies consider in their sourcing decision in order to set a restricting emission limit. Furthermore, policy-making would have to evaluate the impact of their restriction on the economic performance of individual companies.
Dual sourcing model with linear transport emission tax
In a second step, the basic model is extended by including emission costs for the transport from the offshore source. We assume a linear transport emission tax on each unit ordered from the offshore supplier. This idea is related to an import tax based on the carbon content of products as proposed by Huebler (2009). A similar model including transport emission cost can be found in Rosič et al. (2009) .
Similar to the first model extension, it is assumed that no transport emission are produced when ordering from the onshore supplier. The transport carbon emission tax per unit is denoted by t and we assume that it is a a linear tax. The transport emission tax is given as monetary unit per ton of CO 2 e which is fixed by policy-making. The emission tax for a product unit then depends on the carbon emission produced by the transport of a product unit. An average transport carbon emission factor can be assumed if the transport is carried out by a logistics service provider which usually achieves high vehicle utilization irrespective of the transport quantity of a single customer. So, the logistics service provider can determine the average amount of carbon emissions produced by the transport of a product unit which then is used to calculate the transport carbon emission tax t per product unit.
The offshore supplier is only used if it is overall cheaper than the onshore supplier which is the case as long as t < d. As soon as t ≥ d the product is exclusively procured from the onshore supplier on demand. The additional cost for the offshore supplier has to be considered in decision-making and in the expected profit function. Considering a linear emission tax t, the expected profit is given by:
Then the optimal offshore order quantity, i.e. the profit-maximizing order quantity, is:
The offshore order quantity q t depends on the relative cost advantage that can be achieved through offshore sourcing. With increasing emission tax t the company sources less from offshore because the cost advantage is reduced. The total order quantity (off-and onshore quantity) also decreases as t increases. This is due to the following relation:
The left hand side of the equation is the expected total order quantity, which is the sum of the offshore order quantity q t and the expected onshore order quantity q on . The total order quantity is either used to fulfil demand or results in leftover inventory. Due to the fact that the decision how much to order from the onshore supplier is taken under demand certainty no leftovers result from that decision. Leftover inventory only results from the offshore ordering decision. So with increasing t the offshore order quantity and the expected leftover inventory (E((q − X) + )) decrease and overall, the total order quantity converges to the expected demand (E(X)).
Comparing (4.7) and (4.11) it is evident that the offshore order quantity with an emission tax t > 0 is smaller than the offshore order quantity in the basic dual sourcing model, i.e. q t < q * . Due to this fact, also the transport activity from the offshore supplier and the related carbon emissions are reduced. This helps to improve the environmental performance of the company. The actual improvement potential decisively depends on the values of the different parameters. But due to the additional costs as a negative side effect the expected profit is reduced as well and therefore the economic performance is harmed.
As already stated, the emission tax reduces the cost advantage of the offshore supplier and induces the retailer to rely to a larger extent on the onshore supplier. So for policy-making, it can be concluded that also with the help of a linear transport emission tax the amount sourced from the offshore supplier and together with that transport carbon emissions can be reduced. But in contrast to imposing a strict emission limit, where it is clear that a certain emission reduction is achieved, it is not clear which amount of carbon emission reduction can be reached by a certain emission tax. This is also pointed out by Hoel (1998) as one of the disadvantages of environmental taxes. The emission reduction decisively depends on the demand and cost structure of the company. In particular the relation between the domestic premium d and the emission tax t influences the reduction potential. This issue is further investigated in Section 4.5 with the help of numerical analyses.
An advantage of an emission tax is that it considers the different cost structures of companies and allows those which achieve a high cost advantage from offshore sourcing to still exploit this advantage to some extent even after the introduction of the transport emission tax. Nevertheless, it can be expected that an additional tax is difficult to implement from policy perspective and resistance from industry could arise.
Dual sourcing model with emission trading for transport
In a third step, we include emission trading for transport in the basic model. Under the existing EU emission trading scheme (ETS) companies receive a certain number of allowances free of charge which are then used to cover the carbon emission produced by the installations. Additional emission allowances have to be bought if more emissions are produced than covered by the allowances or remaining, unused emission allowances can be sold. If an emission trading scheme is valid for transport activity then, in contrast to the previous model, transport emission costs would not arise for each unit ordered from the offshore supplier, but only if a certain threshold, i.e. the emission limit, is exceeded.
The mechanism of the EU ETS is not directly applicable to emission trading for transport. First of all, an emission trading scheme for transport would have to be implemented on a global scale in order to be effective (Sinn, 2009) . And in the transport sector, the allocation of emission allowances would pose a much higher challenge due to the significant higher number of participants (Raux, 2004) .
There are two possible variants of an emission trading scheme for transport. In the first variant, the emission allowances for transport are allocated to logistics service providers for the pollution which is produced by the transport activity. The logistics service providers further allocate the received allowances to their customers based on the contractual agreements (see Raux, 2010 , for the conceptual idea). It is agreed between the two parties that the company can also demand more transport capacity than possible with the company's allocated emission limit but has to pay the emission buying price b for the excessive use. On the other hand, if the company uses less than the allocated emission limit the remaining allowances can be given back to the logistics service provider for a premium, i.e. the emission selling price s, which can then use the returned allowances for providing transport services to other customers. In this case, policy-making has only limited influence on the company's ordering decision; policy-makers can only control the amount of carbon emissions produced by logistics service providers and do not have an impact on the company which is actually responsible for the produced transport carbon emissions.
In contrast to this, the emission allowances could also be allocated to the company which orders the products. Then, the company which wants the transport to be carried out by a third-party has to provide the necessary emission allowances to the logistics service provider. The emission allowances would certify the right to emit an amount of emissions which is produced by shipping one product unit from the offshore supplier to the market. When the offshore order quantity q exceeds the emission limit L, which is expressed in units of the product, the company has to acquire extra emission allowances for the emission buying price per unit b. In the opposite case, when q < L the company is able to sell the remaining unused emission allowances for the emission selling price per unit s to other companies needing more emission allowances than they have received from the authorities. Letmathe and Balakrishnan (2005) state that due to differences in transaction costs the buying price is typically higher than the selling price of emission allowances. According to that it is assumed that b ≥ s. With this system, policy-making could (rather) directly influence the offshore ordering decisions of companies. Such a system can be related to regulations such as (free) import quotas together with import taxes based on the carbon content of a product.
We consider the second variant of an emission trading scheme for transport. In order to be able to model it we have to abstract from the real-world system and simplify it. Therefore, it has to be kept in mind that the results are also not directly transferable to a real-world setting but only give an indication on how a similar system could impact the decision(s) of individual companies. Firstly, as already stated, we assume that the emission limit L is expressed in units of the product and an allowance covers the emissions produced by the transport of one product unit from the offshore supplier to the market. Secondly, we assume that the prices for emission allowances are exogenously fixed. Actually, they are determined by the market and depend on the scarcity of emission allowances which is mainly determined by the overall emission limit Heidrun Rosic -9783653017878 Downloaded from PubFactory at 01/09/2019 04:21:58AM via free access imposed by the authorities. Therefore, the prices of emission allowances could be modelled as a decreasing function of the emission limit, as mentioned by Hua et al. (2011) , but this is beyond the scope of our work. Thirdly, we assume that the company's number of emission allowances to be sold/bought is rather small compared to the whole market volume for emission allowances. So the company can buy and sell any quantity of emission allowances. Considering the second variant of emission trading where emission allowances are allocated to the company making the ordering decision the expected profit is derived as follows. The expected profit of the company is composed of the base profit P (q) given by (4.6) which is the expected profit of the dual sourcing model without environmental regulations. Depending on the relation between q and L, revenue for the selling of emission allowances is added or the cost for buying additional emission allowances is deducted. The expected profit for an emission limit L > 0 and offshore order quantity q is then defined as follows:
As long as the order quantity q is below or equal to the emission limit L the profit P s (q) is generated which consists of the base profit and the revenue generated through the selling of unused emission allowances. In this case, s represents an opportunity cost; if a unit is procured from the offshore supplier, the emission allowance for that unit has to be used and this emission allowance can no longer be sold, therefore the company forgoes potential revenue. When more units are ordered than covered by the allocated emission allowances, additional allowances have to be bought which reduces the base profit to P b (q). The emission buying price b is an actual cost which incurs for each unit ordered which exceeds the emission limit L.
It is well known that P (q) is a concave function (see, for instance, Khouja, 1996 Khouja, , 1999 . Obviously, this property carries over to P s (q) and P b (q). Because of b ≥ s the following inequalities hold:
Therefore, according to (4.13), the expected profit P L (q) can be written in the following way:
Consequently, P L (q) is a concave function because the minimum of concave functions is again concave (see, e.g., Rockafellar, 1997, Theorem 5.5.) .
To derive the optimal offshore order quantity q L , we define q b = argmax P b (q) and q s = argmax P s (q) with:
and
Note that q b and q s are derived like the optimal order quantity in the classical newsvendor model.
Due to the fact that the selling price s is smaller than or equal to the buying price b the optimal order quantity q s is always larger than or equal to q b , i.e. q s ≥ q b . Note that q b and q s do not depend on the emission limit L. Therefore,
This is also illustrated in Figure 4 .7.
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Thus, the optimal offshore order quantity q L given by (4.22) crucially depends on the relation between the lower control limit q b , the upper control limit q s and the emission limit L. For L < q b ≤ q s , it is better for the enterprise to buy some extra allowances than to rely to a larger extent on the onshore supplier. For L > q s ≥ q b , it is better to generate revenue through the selling of allowances and rely to a larger extent on the onshore supplier than sourcing more units from the offshore supplier and risking leftover inventory. For q b ≤ L ≤ q s , it is not reasonable for the company to either sell or buy emission allowances.
The difference between the upper and the lower control limit depends on the values of the emission buying and selling price. If there is no difference between the buying and selling price of emission allowances, i.e. b = s, the impact of emission trading on the company's ordering decision is similar to a transport emission tax as concluded in, for instance, Benjaafar et al. (2010) . If b = s, the company orders q L = q b = q s which is independent of the emission limit L. But it has to be kept in mind that the level of the emission limit has a decisive impact on the economic performance of the company. From the optimal ordering policy (4.22) we immediately see that irrespective of L, b and s the offshore order quantity with emission trading q L is smaller than the offshore order quantity q * given by (4.7). On the one hand, for any emission limit L the offshore order quantity is not larger than q s , i.e. q s is the maximal offshore order quantity. An emission limit L > q s ≥ q b allows the company to generate additional revenue without having to improve its environmental performance. On the other hand, for any emission limit L the offshore order quantity is not smaller than q b , i.e. q b is the minimal offshore order quantity. An emission limit L < q b ≤ q s would not help to reduce transport carbon emissions but would only hurt the economic performance and competitiveness of the company. For environmental policy-making it is, thus, reasonable to set the emission limit L to the minimal offshore order quantity, i.e. L = q b . Specifying L > q b , the transport carbon emissions are higher whereas L < q b leads to lower expected profit for the company because P L (q) is increasing in the emission limit L. These effects are further explored in the following section with the help of numerical analyses.
Numerical analyses
In order to gain more insights into the basic single-period dual sourcing model and its extensions with environmental regulations we perform numerical analyses. The basic cost and price parameters are listed in Table 4 .5. Additional parameters are introduced when needed in the respective sections. Demand is assumed to be normally distributed with the parameters summarized in Table 4 .6. Different values for the standard deviation are taken in order to show the effect of increased demand variability. The demand distribution with σ 1 which is a very low value should be considered as extreme scenario. This helps to underline that in the case of low demand variability the value of dual sourcing is limited; this holds true for the basic model as well as its extensions. We compute and compare the results for the basic dual sourcing model and its extensions based on the formulas in Section 4.4 and perform sensitivity analyses in order to derive further implications for management and policymaking. For the single offshore sourcing model which also serves as reference point we apply the classical newsvendor model presented in Section 4.1. The calculations are done with the help of MS Excel and the necessary functions for the spreadsheet calculations can be found in Chopra and Meindl (2010, pp. 349) .
Basic dual sourcing model
The results for the basic dual sourcing model in comparison to single offshore sourcing are summarized in Table 4 .7. The results serve as reference point for the extensions of the dual sourcing model with environmental regulations. It can be seen that by switching from single offshore sourcing to dual sourcing the quantity ordered from the offshore supplier is reduced because the retailer to some extent relies on the onshore supplier for fulfilling demand. With dual sourcing, the expected onshore order quantities for the three demand scenarios are 37, 112 and 186, respectively. It is evident that a higher demand variability induces the retailer to rely more on the onshore supplier. The total order quantity with dual sourcing, i.e. the sum of offshore and onshore order quantity, is lower than the order quantity with a single offshore sourcing strategy. The expected profit is higher with dual sourcing than with single offshore sourcing, whereby the value of dual sourcing increases with demand variability. The profit increase ranges from 1.6% to 8.9%. By comparing the results for the two strategies, it can be seen that simply by using dual sourcing instead of single offshore sourcing the offshore order quantity is reduced and thereby a positive result for the environment is achieved without imposing any environmental regulations. The order quantity and thereby transport activity and related carbon emission can be reduced by 4.9% to 22.5% depending on the demand distribution.
A higher domestic premium d reduces the advantages of the onshore supplier with respect to flexibility and responsiveness. So with higher d the offshore order quantity increases until it reaches the value of the single offshore solution.
The expected profit, of course, decreases with increasing d until it equals the expected profit of the single offshore sourcing model. For d > (p − c), the expected profit with dual sourcing is lower than the expected profit with single (offshore) sourcing, so the company should solely procure from the cheap, offshore source and the onshore supplier is not used at all. The results for the offshore order quantity and the expected profit for d varying between 2 and 10 are displayed in Figure 4 .2. The curves showing the offshore order quantity intersect when the cost of understocking are equal to the cost of overstocking, i.e. d = (c − z). In that case, the retailer orders exactly the mean demand and a cycle service level of 50% is achieved with q * = μ, irrespective of the demand variability, due to the assumption of normally distributed demand. For policy-making it is important to note that a low domestic premium encourages companies to procure the products locally. This would help to improve the economic as well as the environmental performance. In this respect, the reduction of labour costs could help to reduce the domestic premium or subsidies granted to local suppliers would make them more cost-competitive. However it remains to be seen how these measures could be reasonably implemented.
Dual sourcing model with transport emission limit
The results for the dual sourcing model with a strict limit on carbon emissions from transport are presented in the following pargraphs. With an emission limit L = 0 a single onshore strategy is pursued which leads to a reduction of the expected profit to 8000 in any case, irrespective of the demand variability. This is due to the fact that all demand is satisfied from the flexible, onshore supplier. This decision is taken under complete certainty and in expectation exactly the mean demand μ is ordered.
For L = 0, the offshore order quantity is reduced to zero. This shows that a strict limit on carbon emissions from transport helps to reduce the carbon emissions. Under our simplifying assumption that no carbon emission result from onshore ordering, the carbon emissions are even reduced to zero. But it is also clearly shown that the economic performance of the company suffers. If the company is "forced" by an emission limit L = 0 to satisfy all demand from the onshore supplier the expected profit is reduced by 19.04%, 17.04% or 14.94% for σ 1 , σ 2 and σ 3 , respectively. It is clearly shown that expected profit of companies which order products with a low demand variability is more strongly reduced by the introduction of a strict emission limit. It is straightforward that the offshore order quantity increases linearly with increasing emission limit L until the optimal order quantity is reached. As soon as L ≥ q * , there is no need for the company to alter its decision. The results for the offshore order quantity and the expected profit for L varying between 0 and 1100 are shown in The curve showing the expected profit runs nearly linearly in the case of a low emission limit. By allowing the retailer to order one more unit from the offshore supplier -starting from a very low level -the expected profit is simply increased by the domestic premium; the expected cost of overstocking which results from the increased offshore order quantity is negligibly small. This is no longer the case when the retailer already orders a significant amount from the offshore supplier. Then an additional unit procured from the offshore supplier helps to reduce cost by avoiding the domestic premium but at the same time the expected cost of overstocking increases. As soon as the retailer can procure the optimal offshore order quantity q * the expected profit curve levels off and runs horizontally because the retailer has no incentive to change its decision. Due to a missing market, no revenue can be generated by selling remaining emission allowances.
For policy-making it can be concluded that a strict limit on carbon emissions from transport can be an effective measure to reduce the negative environmental impact from transport. However, if it is set to a low level it has a strong negative impact on the economic performance of individual companies.
Dual sourcing model with linear transport emission tax
In order to derive the numerical results for the dual sourcing model with a linear transport emission tax, we include an emission tax t = 1.5. It is intuitive that by introducing an emission tax the cost advantage of the offshore supplier is reduced and therefore, the offshore order quantity and the related transport activity are reduced. Furthermore, the expected profit is lower than in the basic dual sourcing model without a transport emission tax due to the additional costs. The numerical results for the model with a linear emission tax in comparison to the basic dual sourcing model are shown in Table 4 .8. By imposing an emission tax, which is in our case 15% of the product price per unit, the offshore order quantity and thereby also the carbon emissions from transport are reduced by 4.6%, 14.8% and 26.2% for σ 1 , σ 2 and σ 3 , respectively. But also the expected profit is reduced by 12.2% to 14.5%. The negative impact on the expected profit is higher for products with lower demand variability. This is intuitive as for products with low demand variability it makes sense to rely to a large extent on the offshore supplier; by being not allowed to order from the cost-efficient source the economic performance is more stongly harmed.
In order to show the impact of an increasing transport emission tax on the optimal decision the emission tax t is varied. The emission cost is varied in the range 0 ≤ t < d. (c) μ = 1, 000 and σ 3 = 250 Figure 4 .4: Offshore, onshore and total order quantity and expected profit depending on t order quantity as well as expected profit depending on emission tax t for the three demand distributions. It is clearly shown that with increasing emission tax t the offshore order quantity decreases and the expected onshore order quantity increases. As a result, the total order quantity converges to the mean demand, see (4.12). First, the offshore order quantity decreases nearly linearly; as t is close to d it decreases more rapidly. For t ≥ d, the offshore supplier is not used at all. The expected profit also decreases nearly linearly with increasing emission tax. Figure 4 .5 shows the percentage change of the transport carbon emissions and the expected profit depending on increasing emission tax t compared to the basic dual sourcing model. For products with low demand variability the relative reduction of transport carbon emissions is smaller than the relative decrease of expected profit. So, if policy-makers also pay attention to the economic impact of a policy instrument a transport carbon emission tax would not be a suitable option if it is applied to companies ordering products with a low demand variability from an offshore supplier. In contrast to this, for products with higher demand variability the relative reduction of transport carbon emissions always outweighs the reduction of expected profit. In this case, of course, the economic performance is also harmed by the introduction of an emission tax but the reduction of expected profit is accompanied by a high decrease of transport carbon emissions. % change of transport carbon emissions (left) and expected profit (right) depending on t
The difference between the relative change of expected profit and the relative change of transport carbon emissions depending on t is graphically shown in Figure 4 .6. If the difference is positive the relative reduction of transport carbon emissions outweighs the relative decrease of expected profit which can be considered as a good compromise for companies. difference between % change of expected profit and % change of transport carbon emissions depending on t
In addition to comparing the dual sourcing model with and without emission tax it is of interest to compare the dual sourcing model with transport emission tax and the single offshore sourcing model. When assuming an emission tax t = 1.5 in the dual sourcing model the expected profit is even lower than in the case of single offshore sourcing. The results of these two models are shown in Table 4 .9. The expected profit is reduced by 13.1%, 9.0% and 4.4% for σ 1 , σ 2 and σ 3 , respectively. Even though the economic performance of the company is even reduced below the level of single offshoring it has to be pointed out that the impact on the environmental performance is extremely positive. The offshore order quantity and the related transport carbon emissions are reduced drastically, by 9.3%, 26.8% and 42.8% for σ 1 , σ 2 and σ 3 , respectively, when using dual sourcing with a linear emission tax instead of single offshore sourcing. It can be seen that the offshore order quantity and the transport carbon emissions decrease overproportionally for products with high demand variability. For illustration purposes we calculate a "break-even" transport carbon emission tax which is the tax level with which the dual sourcing model yields the same or a higher expected profit than the single offshore sourcing model, i.e.
. This helps us to show which percentage of transport carbon emissions could be reduced without letting the economic performance fall below the values of the single offshoring sourcing. The results are shown in Table 4 .10. For the given transport carbon emission tax, a reduction of 5.3% to 33.2% is possible depending on the demand distribution. For products with low demand variability only a very low emission tax level of t = 0.1585 could be implemented without decreasing the expected profit of dual sourcing below the expected profit of single offshore sourcing. For products with high demand variability the emission tax can be up to t = 0.9573.
Overall, it can be seen that the negative environmental impact of transport can be reduced with a dual sourcing strategy compared to a single offshore sourcing strategy. It becomes even more environmentally friendly if a transport emission tax is included into the decision as the offshore order quantity decreases with increasing emission tax t. But as a negative side-effect the expected profit of the company is also reduced. 
Dual sourcing model with emission trading for transport
In the dual sourcing model including emission trading first the lower and upper control limits are computed with the emission buying price b = 1.5 and the emission selling price s = 0.5. The results are summarized in Table 4 .11. It has to be noted that that the control limits can be computed independently of the emission limit L. But the value of the emission limit L has a decisive impact on the optimal decision and the expected profit. Three different cases can be identified depending on the emission limit L. As long as L < q b ≤ q s the optimal order quantity equals to the lower control limit q b . For q b ≤ L ≤ q s the optimal order quantity equals to the emission limit L. As soon as L > q s ≥ q b the optimal order quantity is q s . To illustrate this, we take three different emission limits (low, medium, high) for each of the three demand scenarios. The results of the calculations in comparison to the basic dual souring model are summarized in Table 4 .12 showing the optimal offshore order quantity and the resulting expected profit for each case.
By comparing these results to the basic dual sourcing model without environmental regulations it can be seen that the offshore order quantity with emission trading is always lower than the offshore order quantity in the basic model. This is simply due to the fact that q L ≤ q * because additional cost parameters, i.e. the emission buying price b and the emission selling price s, are considered. The introduction of emission trading helps to limit the offshore order quantity to at least q s , i.e. maximal offshore order quantity, irrespective of the emission limit L. This results in a reduction of transport carbon emissions of 1.2%, 3.7% or 6.6% for s = 0.5 and σ 1 , σ 2 and σ 3 , respectively. The maximal reduction of transport carbon emissions which can be achieved when q b is ordered is between 4.6% and 26.2% for b = 1.5 depending on the demand scenario. For low emission limits, the expected profit is reduced by 2.3% to 5.8% while for high emission limits, even a slight increase of the expected profit by 0.2% to 0.9% can be achieved. Figures 4.7(a) , 4.7(b) and 4.7(c) show how the profit curves develop depending on the offshore order quantity for a selected demand distribution (μ = 1000 and σ 2 = 150) and the three cases of the emission limit L (low, medium, high).
The curve which shows the development of the expected profit P L (q) depending on the offshore order quantity is composed of the two curves P b (q) and P s (q) whereby depending on the emission limit different parts of the profit Figure 4 .7: Dual sourcing with emission trading: Expected profit depending on offshore order quantity for normally distributed demand with μ = 1000 and σ 2 = 150 curves are realized, see also (4.18). For low emission limits, i.e. L < q b , the expected profit P b (q) is generated while for high emission limits, i.e. L > q s , the expected profit P s (q) is realized. For medium emission limits, an offshore order quantity equal to L is ordered and the expected profit
is generated, see also (4.21).
In Figures 4.8(a) , 4.8(b) and 4.8(c) the off-and onshore order quantities depending on the emission limit L are presented.
Depending on the value of the emission limit L the impact can be positive or negative compared to the basic dual sourcing model. It is intuitive that a higher emission limit L leads to a higher expected profit because either less emission allowances have to be bought or more emission allowances can be sold. Depending on the emission limit L the economic performance of the company can be better or worse than in the single offshore sourcing model and in the basic dual sourcing model without environmental regulations. For given values of s and b we can compute "break-even" emission limits under which the company yields the same or a higher expected profit than with single offshore sourcing or with basic dual sourcing, i.
, respectively. These "break-even" values indicate a pareto-optimal solution where the environmental performance is improved without sacrificing economic performance. We already calculated a "break-even" emission tax in the previous section but in that case only in comparison to single offshore sourcing because the introduction of an emission tax always leads to a reduction of expected profit compared to the basic dual sourcing model. The results for the "breakeven" emission limits for the three demand scenarios are summarized in Table  4 .13.
Compared to single offshore sourcing the "break-even" emission limit can be rather low. The same or a higher expected profit can be achieved in the dual sourcing model with emission trading even though emission allowances have to be bought in order to procure the optimal offshore order quantity q L . The
Heidrun Rosic -9783653017878 Downloaded from PubFactory at 01/09/2019 04:21:58AM via free access Figure 4.9: Expected profit depending on L transport carbon emissions can be reduced by 9.3% to 42.8%. In contrast to this, compared to the basic dual sourcing model, the same or a higher expected profit can only be achieved if the company is allowed to generate some revenue through the selling of emission allowances, which is the case when L > q s . The transport carbon emissions can be slightly reduced by 1.2% to 6.7% while generating the same or a higher expected profit as in the basic dual sourcing model.
Varying the values of the prices for emission allowances, s and b, changes the upper and lower control limit whereby increasing values lead to decreasing limits. The difference between s and b determines the span between the lower and the upper control limit within which it is optimal for the company to order a quantity equal to L. But changing the emission prices has no direct impact on the optimal decision because the optimal offshore order quantity can only be determined together with a respective emission limit L.
For policy-making it is of interest that from the company's perspective there is a minimal offshore order quantity, i.e. q b . Under emission trading the company never orders less than q b from the offshore supplier even when emission allowances have to be bought for that. Therefore, for policy-making it does not seem to be reasonable to set the emission limit L below q b . An emission limit L < q b would not help to reduce transport carbon emissions but would only hurt the economic performance and competitiveness of the company. The results for the dual sourcing model with an emission limit L = q b are summarized in Table 4 .14. The results are compared to the basic dual sourcing model and to the dual sourcing model with an emission tax. From the perspective of policy-making, by setting L = q b the maximal reduction of transport carbon emissions which is possible under an emission trading scheme is reached. Compared to the basic dual sourcing model the transport carbon emissions are reduced by 4.6% to 26.2%. Compared to basic dual sourcing, it seems that an emission limit L = q b is also compatible from the company's perspective as it does not significantly harm the economic performance; the expected profit is only reduced by 0.4%, 1.2% and 2.1% for σ 1 , σ 2 and σ 3 , respectively. Furthermore, if the company had to choose between a transport emission tax and emission trading the company would be much better off with an emission trading scheme for transport. Assuming an emission tax equal to the emission buying price, i.e. b = t = 1.5, the expected profit can be improved by 16.4%, 14.0% and 11.4% for σ 1 , σ 2 and σ 3 , respectively.
For the further sensitivity analyses with the dual sourcing model with emission trading we set the emission selling price s = 0 and the emission limit to L = q b which can be considered as a reasonable emission limit from the perspective of policy and management. The emission buying price b is varied in the range 0 ≤ b < d. The development of the optimal offshore order quantity and the expected profit for the demand scenarios is depicted in Figure 4 .10. The optimal offshore order quantity decreases with increasing b. A similar development of the offshore order quantity has already been shown for the dual sourcing model with an emission tax (see Figure 4 .4). But in contrast to the dual sourcing model with an emission tax where the expected profit decreases rapidly and nearly linearly with increasing emission tax t the expected profit in the dual sourcing model with emission trading is less sensitive to increasing values of the emission buying price b. This indicates that under emission trading the economic performance is less strongly harmed by an increasing emission buying price b. Figure 4 .11 shows the relative difference of transport carbon emissions and the expected profit of the dual sourcing model with emission trading compared to the basic dual sourcing model. It is straightforward that the expected profit is lower in the dual sourcing model with emission trading than in the basic dual sourcing model without environmental regulations. This is simply because additional costs are introduced and the company has to deviate from the optimal decision q * which does not consider the environmental dimension. However, it has to be noted that the relative reduction of transport carbon emissions outweighs the relative decrease of the expected profit for L = q b . In other words, the environmental improvement is greater than the degradation with respect to economic performance. The transport carbon emissions can be reduced by up to 12.4%, 39.6% and 70.4% for σ 1 , σ 2 and σ 3 , respectively. In contrast to this, the company only has to accept a decrease of expected profit of up to 1.8%, 5.6% and 9.5% for σ 1 , σ 2 and σ 3 , respectively. This is a significant difference to the dual sourcing model with an emission tax. With an emission tax, the relative improvement with respect to transport carbon emissions only outweighs the relative decrease of expected profit for products with high demand variability. Companies ordering products with low demand variability for which the cheap, offshore supplier is more important suffer more strongly by an introduction of an emission tax (see Figure  4 .6). This fact indicates that different companies are treated rather equally by emission trading in contrast to an emission tax.
In order to compare the dual sourcing model with emission trading and the dual sourcing model with an emission tax we assume that the emission buying price and the emission tax are the same, i.e. b = t. The emission buying price b is varied in the range 0 ≤ b < d. Due to b = t, under both regulations the same quantity q b = q t is ordered. So the two models have the same performance with respect to transport carbon emissions. But there is a significant difference with respect to economic performance. The dual sourcing model with emission trading always outperforms the dual sourcing model with an emission tax with respect to expected profit. The relative difference between the expected profit of the dual sourcing model with emission trading and the basic model is shown in Figure 4 .12. Overall, it can be seen that emission trading can help to improve the environmental performance of the company compared to single offshore sourcing and the basic dual sourcing model. When the emission limit is reasonably set the company can nearly keep its economic performance and competitiveness while strongly reducing the negative environmental impact from transport.
Comparison of the models and implications for management and policy-making
The summary of the numerical analyses of the basic models and its extensions is presented in Tables 4.15(a), 4.15(b) and 4.15(c). For each model the optimal offshore order quantity and the expected profit are given. We compare the results for the single offshore sourcing model, the basic dual sourcing model, the dual sourcing model with an emission tax and the dual sourcing model with emission trading for the three demand scenarios. For the dual sourcing model with emission trading different values of the emission limit L are assumed, namely low, medium and high and L = q b . The basic dual sourcing model without environmental regulations is taken as point of reference for all the other models.
By comparing single offshore sourcing and basic dual sourcing (see columns 2 and 3 in Table 4 .15) it can be seen that simply by using a dual sourcing strategy the negative environmental impact from transport can be reduced while simultaneously economic performance can be improved. The offshore order quantity is reduced when dual sourcing is used instead of single offshore sourcing. Thereby, the transport carbon emissions can be lowered as well.
The improvement potential with respect to economic and environmental performance is larger for products with higher demand variability. This is due to the fact the for these products the switch from a single, slow and inflexible supplier to two suppliers of which one is fast and flexible provides more value. This means that the company is more willing to use the onshore supplier and the expected profit can be improved more strongly than for products with low demand variability. Dual sourcing becomes even more environmentally friendly if regulations for transport carbon emissions are included. The considered environmental regulations help to control the company's decision to some extent and the transport carbon emissions can be further reduced. However, the impact on the expected profit can be positive or negative depending on the regulatory measure and the policy parameters. The introduction of an emission tax for the transport from the offshore supplier narrows the cost advantage of the offshore supplier and therefore induces the company to reduce its offshore order quantity compared to the basic dual sourcing model. Thereby, the transport carbon emissions can be further lowered which improves the environmental performance of the company. But at the same time the economic performance of the company is severely harmed and the expected profit falls below the value of the basic dual sourcing model. The expected profit in the dual sourcing model with emission tax is also lower than in the single offshore sourcing model for an emission tax t = 1.5 (see column 4 in Table 4 .15). Lower values of the emission tax, of course, have less impact on the expected profit; up to a certain value of the emission tax t dual sourcing with an emission tax can outperform the single offshore sourcing model with respect to expected profit. The "break-even" emission tax under which dual sourcing with emission tax and single offshore sourcing yield the same expected profit can take a higher value for products with higher demand variability (see Table 4 .10). This is due to the fact that companies procuring products with low demand variability from a cheap offshore supplier are more sensitive to the introduction of an emission tax for the transport from this source. If an emission trading system for transport is introduced, the ordering decision of the company is affected as well. When considering a buying and a selling price for emission allowances and b ≥ s the optimal decision is given by a two-sided control limit policy. The results for three different emission limits (low, medium, high) are shown in columns 5, 6 and 7 in Table 4 .15. Irrespective of the emission limit L, a reduction of the offshore order quantity and the related transport carbon emissions can always be achieved with the introduction of emission trading for transport compared to single offshore sourcing and the basic dual sourcing model because q L ≤ q * ≤ q * cl . Low emission limits lead to a reduction of the expected profit compared to the basic dual sourcing model. However, the relative reduction of the offshore order quantity and the related transport emissions is always larger than the relative reduction of the expected profit. For medium to high emission limits, only a slight decrease of the expected profit has to be accepted compared to the basic dual sourcing model. Even an increase of the profit can be achieved when enough emission allowances can be sold due to a high emission limit. But the influence of emission trading on the ordering decision and thereby on the environmental improvement is limited. As the company never orders less than q b an emission limit below that value does not improve the environmental performance of the company. Setting the emission limit to L = q b (see column 8 of Table 4 .15) seems to be compatible for the company with respect to economic and environmental performance; compared to the basic dual sourcing model the expected profit is almost the same but transport emissions can be reduced considerably. In Table 4 .14 (column 8) a reduction between approx. 4.6% and 26.2% is shown. With an emission tax of t = b = 1.5 the same reduction of transport carbon emissions could be achieved. However, it has to be noted that the expected profit in the dual sourcing with emission trading is considerably Heidrun Rosic -9783653017878 Downloaded from PubFactory at 01/09/2019 04:21:58AM via free access higher. Compared to dual sourcing with an emission tax, the expected profit in the dual sourcing model with emission trading can be increased by approx. 11.4% to 16.4% (see Table 4 .14). This result indicates that emission trading is preferred to an emission tax from the company perspective. Also from the perspective of policy-making, it can be concluded that the emission limit should be set to q b . Thereby the negative environmental impact of transport can be reduced and the company can still achieve a considerably high profit. Policy-makers have to be aware of the fact that the minimal offshore order quantity q b strongly depends on the demand distribution F and on the emission buying price b, see (4.19). Setting L = q b and using (4.19) results in the following relation between the emission limit L and the emission buying price b:
This shows the basic relation between the parameters: b decreases as L increases. Also, Hua et al. (2011) point out that emission price could be modeled as a decreasing function of the emission cap, i.e. emission limit. For the offshore order quantity equal to L (4.23) describes the difference between the expected onshore ordering costs per unit d · (1 − F (L)) and the expected offshore ordering costs (c−z)F (L). In newsvendor terminology it is the difference of the expected cost of understocking and the expected cost of overstocking for the basic dual sourcing model. Thus, the emission buying price b and the emission limit L should be fixed by considering the economic situation of the industry which is expressed by the offshore product cost, the onshore product cost and the market demand of the product reflected by the demand distribution F . If the policy parameters are fixed in the described manner, the economic and the environmental performance of the company can be balanced by achieving a high reduction of transport carbon emissions while generating a satisfying expected profit.
